Background: The even cadmium isotopes near the neutron midshell have long been considered among the best examples of vibrational nuclei. However, the vibrational nature of these nuclei has been questioned based on E2 transition rates that are not consistent with vibrational excitations. In the neighbouring odd-mass nuclei, the g factors of the low-excitation collective states have been shown to be more consistent with a deformed rotational core than a vibrational core. Moving beyond the comparison of vibrational versus rotational models, recent advances in computational power have made shell-model calculations feasible for Cd isotopes. These calculations may give insights into the emergence and nature of collectivity in the Cd isotopes.
I. INTRODUCTION
The even cadmium isotopes with Z = 48 and mass numbers near A = 110 have long been considered good examples of spherical vibrational nuclei [1] . The discovery of non-zero electric quadrupole moments for the 2 + excited states [2] [3] [4] , consistent with weak deformations of 2 ∼ 0.15, was handled by introducing anharmonicities into the vibrational model [5, 6] . Later, the presence of intruder states, due to the 2-particle 4-hole proton excitations near the nominal two-phonon triplet, was included through configuration mixing [7] [8] [9] . Recently, however, it has been found that this interpretation, based on an anharmonic vibrator model with strong intruder mixing, is not consistent with experimental electromagnetic transition rates [10] [11] [12] [13] [14] [15] . The confrontation between theory and experiment in the Cd isotopes has sparked a more general debate over the nature of nuclei that are not clearly deformed rotors [16, 17] . Other work has contended that the Cd isotopes are consistent with a vibrational interpretation, at least to within the accuracy of the theoretical models [18, 19] .
New insights into this problem are now possible from a microscopic perspective because computation power has reached the point where the Cd isotopes toward the neutron mid-shell have become accessible to large-scale shellmodel calculations. Schmidt et al. [20] have recently used such calculations to characterize the onset of quadrupole collectivity in 98−108 Cd. Similar calculations describe the ground-state electromagnetic moments in the odd-mass 101−109 Cd isotopes [21] .
The present work, which includes both experiment and theory, concerns the odd-A nuclide 111 Cd. This nucleus lies between 110 Cd and 112 Cd, both of which have been considered textbook examples of vibrational nuclei [1, 22] . It follows an earlier study in which it was shown that for both 111 Cd and 113 Cd, the g factors of the 1/2 + ground-states, and the strongly Coulombexcited low-lying 3/2 + and 5/2 + levels are consistent with a particle-plus-rotor description whereas the signs of the g factors of the 5/2 + states are incompatible with the particle-vibrational model [23] . Contrasting with this observation, a 3/2 + state at 681 keV in 113 Cd was excited with sufficient intensity to determine its g factor, giving g = +1.4(4) [23] . Such a large g factor in a collective odd-N nuclide is difficult to explain unless it is associated with the coupling of an odd-neutron in the νs 1/2 orbit to a spherical 2 + core excitation. The present experimental study sought to identify the corresponding state in 111 Cd. Two candidates are the 5/2 + state at 753 keV and a reported 3/2 + state at 755 keV [24] . The present theoretical work evaluates both particlevibration and particle-rotor interpretations of 111 Cd. It also reports large-basis shell-model calculations which The branching ratio for the dashed 622-keV line has been measured in Ref. [25] to be approximately twice that of the 867-keV transition. It was obscured in the present work by the much stronger 620-keV transition but could be resolved with poor statistics in particle-γ-γ coincidences.
can begin to illuminate the nature of the collectivity in 111 Cd from a microscopic perspective.
Following a description of the experiment in Sec. II, and a presentation of the analysis procedures and results in Sec. III, the theoretical calculations are presented and discussed in Sec. IV, followed by conclusions in Sec. V.
II. EXPERIMENT
Experiments were performed using the Australian National University (ANU) Hyperfine Spectrometer [26] . A 90-MeV 32 S beam from the ANU 14UD Pelletron accelerator Coulomb excited nuclei in a 95% enriched 111 Cd target. Isotopic percentages are given in Table I . A threelayer target was constructed. The first layer was ∼0.36 mg/cm 2 -thick enriched 111 Cd electroplated onto the second 2.47 mg/cm 2 nat Fe layer. The third layer was a 12 µm thick natural copper layer. Evaporated indium (∼0.3 mg/cm 2 ) was used to bond the Fe foil to the copper layer, which provided a field-free environment for Cd recoils and good thermal conduction. Cadmium has a low melting point of 321
• C. Therefore, in order to maintain structural integrity, the completed target was cooled by a Sumitomo RDK-408D cryocooler, which kept it at a constant temperature of ∼ 6 K. The magnetic layer was polarized by a 0.09 T external magnetic field, the direction of which ('up' or 'down') was reversed periodically, approximately every 15 minutes.
Two silicon photodiode detectors were placed above Four high-purity germanium (HPGe) detectors were placed around the target chamber in the horizontal plane. The back-angle detectors were kept at ±115
• to the beam. The forward-detector angles varied to measure the particle-γ angular correlations. Specifically, the forward γ-ray detectors were placed in turn at the angles 0
• , and −85
• to the beam. The four γ-ray detectors were then fixed at θ γ = ±65
• , ±115
• for the g-factor measurements. These angles are near the maximum slope of the angular correlation for E2 multipolarity thus increasing the sensitivity of the g-factor measurement.
III. ANALYSIS AND RESULTS

A. γ-ray spectra and angular correlations
The observed level scheme is shown in Fig. 1 . An example of the spectrum recorded by the +65
• γ-ray detector in coincidence with backscattered beam ions is displayed in Fig. 2 . Each peak observed in the spectrum has been identified. A spectrum of transitions between 660 and 820 keV from a natural Cd target is shown in Fig. 3 . The transitions in 111 Cd are listed in Table II along with observed relative intensities and multipolarity assignments from the literature [24] . Other peaks observed correspond to transitions in the neighboring even Cd isotopes and 113 Cd present in the target (see Table I ). Particle-γ angular correlations were measured for the 342-, 620-and 753-keV transitions. The counts in each peak at each angle were normalized to the sum of counts in the strong 342-keV and 620-keV transitions in the fixed (+115
• ) detector. The angular correlations measured at positive angles are displayed in Fig. 4 . The negative-angle data points are consistent with the displayed positive-angle data.
B. Excited states in
111 Cd
As clearly seen in Fig. 2 , only one peak is observed in the region near 755 keV. The energy of this peak agrees with that of the 5/2 + 752.8-keV state listed in Nuclear Data Sheets [24] . A 755-keV transition was not observed. The angular correlation observed for the 753-keV transition (Fig. 4) implies E2 multipolarity and hence confirms the 5/2 + spin assignment for the 753-keV state. It is noteworthy that the early Coulomb-excitation study of McDonald and Porter [28] likewise reported a single peak near 750 keV. In their case the energy was given as 755 keV and the state was tentatively assigned a spinparity of 3/2 + or 5/2 + . Considering the results presented here, we conclude that the reported energy is in error by 2 keV, and that the same 753-keV state was excited in Ref. [28] as in the present experiment. Further evidence for this conclusion is presented in Fig. 3 , which shows the relevant part of the particle-γ coincidence data following Coulomb excitation of a natural Cd target, taken from the work of Chamoli et al. [27] . Displayed in Fig. 3 are many known transitions in Cd isotopes between 680 and 798 keV but, again, no evidence for a transition at 755 keV. It is worth noting that the observed branching ratios are in agreement with a recent decay measurement [25] which also observed a single transition at this energy.
C. Thin-foil transient-field g-factor measurements
When an ion with energies of several MeV traverses a polarized ferromagnet it experiences a strong transient hyperfine field of the order of a few kilotesla. This hyperfine field causes a precession of the nuclear spin at a frequency proportional to the g factor,
where B TF is the transient magnetic field strength, which varies with the ion velocity as it slows in the ferromagnetic host. The net precession angle observed is ∆θ = gφ, where
where t i and t e are the times of entry into and exit from the ferromagnetic layer, respectively. Provided the nuclear mean life τ exceeds t e , φ(τ ) is a weak function of τ . Experimentally, the precession angle is found from the changes in count rate for a pair of detectors placed at the angles ±θ γ with respect to the beam axis, as the direction of the magnetic field is reversed. Specifically,
where S is the logarithmic derivative of the angular correlation at the detection angle (+θ γ ) and
where,
In this equation N (θ γ ) ↑ (↓) represents the counts in the detector at angle +θ γ with field 'up' ('down') and W (θ) is the amplitude of the particle-γ angular correlation. Table III summarizes the reaction kinematics relevant for the g-factor measurement. The transient magnetic field was evaluated using a parametrization proposed by Stuchbery et al. [29] for the Pd isotopes, which has since been shown to also be appropriate for Cd in iron [27] . As reported in Ref. [27] • to the beam in coincidence with backscattered beam ions. All data taken at +65
• during the transient field precession measurement are included. The inset expands the 565-900 keV region which shows a single strong peak at 752.8 keV and no peak at 754.9 keV. Transitions labeled in red and with a star are decays from the 752.8-keV state. • to the beam for a natural Cd target from measurements reported in Ref. [27] . The red, starred transition corresponds to the single peak at 752.8 keV.
and has an uncertainty of ±6%. This uncertainty is small compared to the uncertainties in the precession measurements. The time-dependent velocity was found using stopping powers from Ziegler [30] and evaluated for ions moving through the ferromagnetic foil. The even Cd isotopes have independently determined g factors, however they constitute too small a fraction of the composition of the separated isotope target to serve as a calibration of the transient-field strength in the present measurement. Experimental g-factor results are presented in Table IV , along with previous measurements. Where previous measurements exist [23, 31] agreement is found within experimental uncertainties. [24] . Note the similar shape of the correlation for the 620-and 753-keV E2 transitions and the contrast of those with the mixed multipolarity M 1/E2 342-keV transition with mixing ratio δ =+0.36 [24] . Correlations for the 342-and 753-keV transitions have been vertically offset, respectively, by −0.6 and +0.5 for presentation.
D. DBLS lifetime measurements
The lifetime of the 753-keV state was determined by the Doppler-broadened line shape method [32] [33] [34] [35] . A computer program based on that of Wells and Johnson [36] was developed for this analysis. A description of the code will be published elsewhere [37] . The measured lifetimes are presented in Table V . Individual 111 Cd TABLE III. Reaction kinematics for the transient-field g-factor measurement. E, I π , and τ are the energy, the spin and parity, and the lifetime of the excited state. Ei and Ee are the average energy of recoiling target ions entering and leaving the ferromagnetic layer, respectively. The corresponding entry and exit average velocities are given by vi/v0 and ve/v0 in units of the Bohr velocity (v0 = c/137). v/v0 is the average velocity of the ion as it passes through the ferromagnetic layer. The effective time for target ions passing through the ferromagnetic layer accounting for in-flight decays of the state is tFe. The parameter φ(τ ) is proportional to the integrated transient magnetic field strength as defined in Eq. (1); it has an uncertainty of ±6% (see text). recoil events were simulated by Monte Carlo methods, accounting for the particle-detector geometry, reaction kinematics and the multilayered target. The distribution of Doppler shifts as a function of time and γ-ray detector acceptance angles, taking into account the particle-γ angular correlation, was then used to weight the evaluated line shape. As the γ-ray detectors were placed near the maximum slope of the angular correlations, the γ-ray intensity can vary significantly across the face of the detector, which can significantly affect the Doppler-broadened line shape. The accuracy of a lifetime determined by the DBLS method is limited by uncertainties in the stopping powers which are typically assumed to be ∼10%, but can reach ∼20 − 30%. The complex multilayer targets employed for transient-field g-factor measurements add uncertainty by introducing a series of stopping materials each with some uncertainty in its thickness and stopping power. In the present work, Doppler-broadened line shapes were evaluated using the stopping powers of Ziegler [30] and benchmarked for Cd in iron under the conditions of the experiment by analyzing the transitions depopulating the 4 + 1 levels in even Cd isotopes with known lifetime as observed in the data of Chamoli et al. [27] . An example fit to the 4
114 Cd is shown in Fig. 5 . The lifetimes extracted from the analysis of the even isotopes differed by up to 30% from the literature values. We therefore assign a 30% systematic uncertainty to the extracted lifetimes to cover uncertainties in the stopping power and the complexities of the multilayer target. The statistical uncertainty in the line shape fit was estimated through a chi-squared analysis yielding a ∼ 20% uncertainty.
The results of the DBLS analysis for the 753-keV transition to the ground state in 111 Cd and the 681-keV transition to the ground state in 113 Cd are shown in Fig. 6 and 114 Cd. The best-fit line is shown and corresponds to τ =2.26 ps. The previously measured value is τ =2.00(12) ps [38] . Data from measurements reported in Ref. [27] .
As an aside, we note that there is a discrepancy in Nuclear Data Sheets [39] between the reported half-life of the 681-keV state of 113 Cd and the B(E2) transition strength measured between this state and the ground state. The reported meanlife is 17(4) fs while the reported B(E2) strength in the original reference is B(E2 ↑) = 0.070(15) e 2 b 2 [40] , which corresponds to a meanlife of 8(2) ps. The lifetime of the 681-keV state is evidently too long to be accurately determined by the DBLS method, so only a lower limit could be estimated from the present data. The line shape displayed for the 681-keV in Fig. 7 state corresponds to a lifetime of 9 ps in agreement with the previous Coulomb excitation measurement. Any lifetime greater than this value can be shown to fit the data well and so based on the DBLS fits a limit on the lifetime of τ > ∼ 7 ps is proposed, consistent with the B(E2) measurements [40, 41] . [24] . See also Ref. [42] . c The observed precession effect for this state includes a small contribution due to feeding from the higher excited states, which is taken into account [43] in the evaluation of the g factor. the present experiments have shown that the 755-keV state does not exist, and the observation of the E2 angular correlation for the ground-state transition from the 753-keV state confirms the previously assigned 5/2 + spin and parity; the 753-keV state is clearly not the equivalent state to the 3/2 + state at 681 keV in 113 Cd. In this section the structure of 111 Cd is discussed in terms of excitation energies, g factors, and reduced transition strengths. In Sec. IV A, experimental results are compared with calculations performed in the particlevibration model [44, 45] with successes and limitations discussed. Following the previous success [23, 46] in describing aspects of the low-lying structure of 111,113 Cd in the particle-rotor model, a description of the levels in 111 Cd excited in the present work is given in terms of Nilsson-scheme based rotational bands in Sec. IV B. In Sec. IV C the large-scale shell-model calculations are described and comparisons made with experiment.
A. Particle-Vibration model
Calculations
The particle-vibration model allows calculation of the energy and electromagnetic properties of states and transitions in odd-A vibrational nuclei [44] . The basis states for these calculations are taken to be coupled eigenstates of the collective and quasiparticle Hamiltonians. Interactions between the quasiparticle and collective states are accounted for by an interaction term in the Hamiltonian,
where µ is the z-component of the vibrational angularmomentum, ξ is a dimensionless variable controlling the strength of the coupling between the particle and the core,hω is the core excitation energy, b µ is the annihilation operator and b † µ is the creation operator for the core quadrupole vibrations, and Y 2µ is a spherical harmonic. Up to two core phonons were included in the calculations.
Following usual procedures to define model parameters, the energy spectrum below ∼ 1 MeV excitation in the nucleus of interest was reproduced first and then the electromagnetic observables were examined. The energy spectrum is determined by single-particle energies,hω, and the strength of the coupling parameter ξ. For 111 Cd the core excitation energy was initially set to 610 keV, midway between E 2 + in 110 Cd and 112 Cd, before varying parameters. The single-particle energies were initially set from the excitation energies in 111 Cd and then allowed to vary, along with ξ andhω, to yield a "best" fit to experimental levels. The E2 transition strengths stemming from the core vibration scale as η 2 , where
1/2 and C Stiff is the surface stiffness. This parameter can be set from the B(E2) of the core using B(E2; 2 → 0) = η 2 withhω = E 2 + . The energy spectrum was reproduced well with ξ = 2.2 as seen in Fig. 8 (a) . This coupling parameter is similar to that found in previous studies in odd-A Mo and 125 Sb [47, 48] , where ξ ∼ 1.5 − 3 and 2.25, respectively, were used and so the present value is reasonable in this region. The best-fit model parameters are summarized in Table VI . Figure 8 shows the dependence of the energy levels, g factors, and B(E2) values as a function of the particle-vibration coupling strength ξ, with other parameters held fixed at the values given in Table VI . Experimental values are plotted at the adopted value of ξ = 2.2.
Results and discussion
The dominant wavefunction components of the lowlying excited states are given in Table VII for the calcu- lation at ξ = 2.2. Overall, it is possible to obtain a close energy fit for low excitation states; however, at higher energies, where the predicted density of states increases, the calculated energy levels show little resemblance to experiment. The observed 3/2 + 1 state is calculated to be largely composed of the core-phonon excitation coupled to the s 1/2 neutron. The next expected 3/2 + state is the d 5/2 ⊗ 2 + configuration in the weak-coupling limit, ξ = 0. As coupling strength increases, however, the second 3/2 + state undergoes strong configuration mixing, gaining stronger g 7/2 ⊗ 2 + and s 1/2 ⊗ 2 + components. The resulting 3/2 + state appears in the calculations around ∼ 720 keV, however, the second excited 3/2 + state observed experimentally in the current work occurs higher in energy (867 keV). The non-observation of a second low-lying collective 3/2 + state is a challenge to the particle-vibration model.
The g factors for the ground state, and 5/2 + 2 excited state have previously been shown to be inconsistent with the particle-vibration model [23] . Continuing the same trend as for the 5/2 + 2 state, the measured g factor for the 5/2 to force a positive g factor for the 753-keV 5/2 + 3 state in the model by increasing mixing from either the d 3/2 single-particle orbit, or from the g 7/2 single-particle orbit. Each of these components of the 5/2 + 3 state increases as the particle-core coupling increases, with the g 7/2 component becoming dominant. However, the reasonably good description of the energy levels is lost.
A comparison of the experimental and calculated transition strengths is shown in panel c) of Fig. 8 . These calculations were performed with a stiffness parameter based on the transition strength of the even core. The relative magnitudes of E2 reduced transition strengths are reasonably well reproduced with the exception of the decay of the first-excited 5/2 + 1 state, which experimentally is isomeric, and is most naturally ascribed to a dominant d 5/2 ⊗ 0 + configuration. This interpretation is supported by the measured g factor, which has the sign and about half the magnitude of the Schmidt value. Increasing the particle-coupling parameter increases the proportion of s 1/2 ⊗2 + in the wavefunction of the 5/2 + 1 state. The consequent change in collectivity causes a drastic increase in the strength of the transition to the ground state, which is inconsistent with the isomeric character of the state. The natural explanation of the g factor and the lifetime of the 5/2 1 state remains that it is predominantly a νd 5/2 single-particle excitation.
The Cd isotopes have recently been studied utilising an effective field theory model [49] . The g-factor predictions made in that paper are consistent with experiment for the ground state and first-excited 3/2 + 1 state, however still incorrectly predict the sign and magnitude of the g factor for the second-excited 5/2 + 2 state. No prediction was made for the newly-measured 5/2 + 3 state. As noted by the authors, there is no simple relationship between their model parameters and the familiar Schmidt singleparticle moments. Thus, the overall fair agreement of the model g factors with experiment benefits from the use of the measured g factors to set the relevant low-energy constants (i.e. model parameters).
B. Particle-Rotor model
As the particle-vibration model does not readily explain the observed nuclear structure of 111 Cd, attention was given to the particle-rotor model. Previous studies [46, 50] of odd-mass Cd isotopes have found that 111,113 Cd are well described by a particle-rotor description with weak deformation and a variable moment of inertia.
A rigorous fitting to the observed levels was not performed in the present work as the particle-rotor model in this weakly deformed region is quite parameter dependent. Instead, a heuristic interpretation of the observed states is given. The classification of states discussed in this section is shown in Fig. 9 where the states are labeled using the terminology of the strong-coupling limit of the particle-rotor model (cf. Ref. [46] ). This nomenclature should not be taken to imply that the strong coupling limit is applicable at small deformations. The perspective here is that a particle-rotor description may give useful insights due to Lawson's observation that Nilsson wavefunctions at small deformation provide a good approximation to the shell model [51] .
g factors
It has previously been shown that the g factors of the ground state and low-lying excited states in 111 Cd can be interpreted through mixing induced by a small The M 1 transition strengths predicted by the particlerotor model are proportional to (g K − g R ) 2 , where g R is the rotational g factor and g K is the intrinsic singleparticle g factor. As deformation increases the intrinsic g factor for the 1/2 + [411] ground state increases and is approximately equal to the rotational g factor at 2 ∼ 0.1, consistent with the deformation implied by measured quadrupole moments. This cancellation can produce small M 1 transition strengths as seen in experiment. However, the Nilsson model g K values are highly deformation dependent and therefore g K − g R ≈ 0 is not assured.
Ground-state band
In the particle-rotor description, the ground-state band is built on the 1/2 + [411] Nilsson orbit. At small deformation the strong mixing between the s 1/2 and d 3/2 orbits acts both to lower the energy of the 1/2 + [411] Nilsson orbit of s 1/2 parentage and increase the g factor of the ground state toward the observed value [23] . The band built on this state can be identified through observation of E2 transition strengths. The transitions to the ground state from the 3/2 + 1 and 5/2 + 2 states are enhanced, confirming a collective structure; however, as noted previously [23] , the relative strength of these transitions is the same in the particle-rotor and weak-coupling descriptions. The observation of the higher-energy (tentatively) 7/2 + 2 state at 1047 keV in our work is suggestive of a large B(E2) value. The apparent collectivity of this state, and the fact that it is about at the expected excitation energy, suggest that it could be part of the ground-state band. However, further spectroscopic measurements are required to make a firm assignment. The B(E2) value of 0.22 W.u. for the transition from the 245-keV state to the ground state [24] is suggestive that this is a single-particle state. The negative g factor then identifies the state as having a large d 5/2 component, consistent with the observation of an avoided crossing between the 5/2 With the confirmation that only one strongly Coulomb excited state appears around ∼750 keV excitation energy and that the spin-parity is 5/2 + , the structure of this state must be identified. Naively, one would expect a single-particle state of this spin and parity to exist corresponding to the 5/2 + [413] Nilsson orbit. The two previously reported B(E2)↓ strengths for the transition from the 5/2 + 3 state to the ground state correspond to disparate mean lifetimes of ∼14-17 ps [52] , or 9(2) ps [28] . The line shape for this transition has a prominent Doppler tail, however the lifetime for the state is at the limit of the DBLS technique and therefore cannot be determined reliably in the present work. The lifetime obtained here (4.0±1.6 ps) favors the B(E2) from Ref. [28] and suggests a collective transition. There are several low-lying 5/2 + states in this nucleus that can mix. The observation of strong branches from the 5/2 
Limitations of the particle-rotor model
More detailed calculations away from the rigid-rotor model begin to show flaws in the particle-rotor description. In particular, it is difficult to reproduce the energy spectrum of 111 Cd accurately. This is possibly due to the nucleus being soft, with deformation increasing with the rotational angular momentum. An attempt was made to include a variable moment of inertia into the particlerotor calculations. While improved energy fits were possible, a simultaneous description of electromagnetic observables became harder to achieve. For this reason no attempt has been made to give a detailed comparison of excitation energy, B(E2), or B(M 1) with particle-rotor calculations.
C. Shell-model calculations
Model space and interactions
Large-scale shell-model calculations were performed using the M -scheme code KSHELL [53] . The SR88MHJM Hamiltonian [21, [54] [55] [56] ). The interaction is based on the CD-Bonn potential with renormalization of the G-matrix [57] [58] [59] . Two body matrix elements were then adjusted to reproduce experimental energies in the tin isotopes [60] . The name of the interaction, SR88MHJM, therefore refers to the 88 Sr core and indicates that modifications (M) were made to the original Hamiltonian provided by Morten Hjorth-Jensen (MHJ). For the evaluation of electromagnetic transition rates, the effective charges were e ν = e and e π = 1.7e and spin g factors were quenched to 0.7 of the bare value. The g factors were evaluated for both the bare operator and with the effective spin g factors quenched as for the transition rate calculations.
Results and discussion
The excitation energies and g factors are compared with experiment in Table VIII . The RMS-deviation between the theoretical and experimental energies is 69 keV, an excellent level of agreement between theory and experiment.
Overall, the shell-model g factors are in good agreement with experiment. The signs of the g factors are reproduced in all measured cases and generally the experimental magnitude is within the range spanned by calculations with free and effective g s values. Thus, the shell-model calculations better describe the g factors than the particle-vibration model, and are on a par with the particle-rotor description.
In fact the g factors in all measured cases agree well with the shell model, except for the 5/2 Table VIII) , which may be at- Table IV and Nuclear Data Sheets [24] .
tributed to increasing effects from an incomplete basis space. Particle-hole (proton intruder) excitations, which are excluded from the basis space, could also impact on the g factor of the 5/2 + 3 state, which has an excitation energy approaching that of the intruder configurations in the neighboring even Cd isotopes.
Transition rates are compared with experiment in Tables IX and X. The experimental data in these Tables have been evaluated using the RULER v.4.1 [61] program. Unless otherwise indicated, data are from Ref. [24] . Table IX shows the theoretical and experimental M 1 transition rates. As may be expected for a weakly collective nucleus, all of the low-excitation M 1 transitions are weak. The level of agreement between theory and experiment is therefore satisfactory. The M 1 transition strengths are largely similar between the shell-model calculations and the particle-vibration model calculations. The notable exception is the 3/2 + 1 → 5/2 + 1 transition which is much stronger in the particle-vibration calculation.
More important for the evaluation of the emergence of collectivity in 111 Cd are the E2 transition rates shown in Table X . Generally, the stronger E2 transitions in the range of 10 to 20 W.u. are strong in both theory and experiment. It is also noteworthy that the predicted E2 strength has the correct magnitude -no attempt has been made to tune the effective charges to better describe experiment.
The strongly Coulomb-excited states have ∼ 10 W.u. transitions to the ground state; these are shown in bold in coupling to the ground state. Two transitions in Table X transition, the shell model predicts an almost pure M 1 transition, consistent with an observed mixing ratio of δ ∼ 0.1, and the experimental uncertainty on the E2 strength is so large that there is no compelling discrepancy between theory and experiment. The case of the 3/2 + 2 → 3/2 + 1 transition depends on uncertain branching ratios and a B(E2) value reported only in a conference proceedings [62] .
Additional and more accurate experimental data on transition rates are clearly needed to enable a more detailed and critical evaluation of the developing collectivity in 111 Cd. The general qualitative agreement between the shell model and the particle-rotor model for g factors in this weakly collective nucleus can be attributed to Lawson's observation [51] that Nilsson wavefunctions can provide an excellent approximation to those emerging from a Hartree-Fock calculation. In cases where there are only a few particles outside the closed shell, the Nilsson potential approximates the independent motion of nucleons in an oscillator potential under the influence of an attractive quadrupole-quadrupole effective interaction. This scenario also describes the underlying quadrupolecollectivity-driving features of the shell-model calculation.
V. CONCLUSION
The structure of 111 Cd has been studied through angular correlation, lifetime, and g-factor measurements. The 5/2 + spin-parity assignment of the 753-keV state was confirmed. It is clearly not the analogue of the 3/2 + 681-keV state in 113 Cd. It is also suggested that the reported 3/2 + state at 755 keV [24] is a misidentification of the observed 5/2 + 3 state. Non-observation of a 3/2 + state near 700 keV in 111 Cd is difficult to explain within the particle-vibration scheme. Further, the nature of the observed 5/2 + 3 state has been shown to be inconsistent with the predictions of the particle-vibration model. In contrast, the observed states do match those expected within a particle-rotor description.
A simple particle-rotor framework provides a natural explanation of both the electric quadrupole moments and magnetic properties of the observed states which cannot be readily explained in the particle-vibration model. However, the particle-rotor approach is not without its own limitations. For example, the energy spectrum cannot be described by rigid rotations. More rigorous consideration of the stiffness of deformation in cadmium nuclei is needed. Further theoretical investigation of weaklydeformed nuclei from diverse theoretical perspectives is necessary for a more complete understanding.
Large-scale shell-model calculations have been performed for 111 Cd and it has been shown that the signs and magnitudes of the experimental g factors are reproduced using standard single-particle g factors. The low-lying level scheme also agrees well with experiment. These calculations also produce transition strengths in overall agreement with the observed E2 transition strengths for the primary low-excitation transitions. It is suggested, following Lawson [51] , that the agreement between the particle-rotor description and the shell model for the g factors stems from the fact that the Nilsson wavefunctions at small deformation provide a good approximation to the shell model. Coulomb excitation studies to measure more extensive electromagnetic matrix elements are needed for a more critical comparison of theory and experiment. Overall, the results of the shellmodel calculations are promising and represent a new opportunity to gain further insight into these weakly collective nuclei from the microscopic perspective.
